Six years ago an inner-shell X-ray laser was demonstrated at 849 eV in singly ionized neon using the X-FEL at 960 eV to photo-ionize the 1s electron in neutral neon followed by lasing on the 2p -1s transition in singly-ionized neon. It required a very strong X-ray source that could photo-ionize the 1s (K-shell) electron on a time scale comparable to the intrinsic auger lifetime of 2 fsec. We extend this work from K-shell to L-shell transitions. We show how the XFEL could be used photo-ionize L-shell electrons to drive gain on n=3-2 transitions in singly-ionized Ar and Cu plasmas. For Ar this requires an XFEL above 250 or 330 eV with lasing on 3-2 lines at 220 and 310 eV. The Cu scheme requires an XFEL above 960 eV with lasing on 3d-2p lines at 928 and 948 eV. We will also discuss extending this work to photoionizing the M-shell with lasing on n=4-3 transitions in singly ionized neodymium.
INTRODUCTION
Researchers have pursued the development of shorter wavelength lasers since the invention of the laser. In the 1960's, Duguay and Rentzepis proposed photo-ionization as a process to create an X-ray laser on the inner shell K-a line in sodium vapour 1 . A decade later Ray Elton 2 discussed the challenges of making quasi steady state inner-shell K-a lasers in Si, Ca, and Cu. In 2011 the dream of demonstrating an inner-shell X-ray laser was realized at the SLAC Linac Coherent Light Source (LCLS) when the X-ray free electron laser (XFEL) at 960 eV was used to photo-ionize the Kshell of neutral neon gas and create lasing at 849 eV in singly ionized neon gas 3 .
In this paper we look at how the inner-shell X-ray laser can be extended to lasing on L-shell transitions in Ar and Cu. For Ar we consider a 330 eV XFEL pulse that photo-ionizes the 2p or 2s electrons and creates lasing on the 3s -2p or 3p -2s transitions near 220 and 310 eV. In the case of Cu we consider a 1keV XFEL pulse that photo-ionizes the 2p electron and creates lasing on the strong 3d -2p transitions near 928 and 948 eV. We then explore how to extend this to the M-shell by also looking at using a 1 keV XFEL to photo-ionize the 3d electron in Nd with the resulting lasing on the 4f -3d transition near 860 eV.
MODELLING GAIN ON THE INNER-SHELL AR AND CU LASERS
Building off the success of the K-shell neon X-ray laser it should be possible to extend the inner-shell X-ray lasers to other principal shells such as the L and M shells. One promising candidate is neutral argon gas. Figure 1 shows the energy level diagram for using an XFEL above the L-shell edge of neutral Ar I to create a L-shell hole in singly ionized Ar II. If an XFEL was tuned between the two L-edges at 250 and 326 eV one could create a 2p hole that would result in lasing on the 3s-2p transitions at 219 and 221 eV. If the XFEL drive was tuned above the L-edge at 326.3 eV then one would have holes in both the 2s and 2p shells that would result in lasing on the 3p-2s transitions at 310.4 and 310.6 eV as well as the 3s-2p transition at 219 and 221 eV. It would be very interesting to tune the XFEL from low to high energy and watch the 3s-2p lasing turn on followed by lasing on both lines.
To model the photo-ionization schemes we created a simple atomic model of the levels shown in Fig. 1 . We used the kinetics code Cretin 4 to model the kinetics and gain of the system under various conditions. For the baseline XFEL beam we assume the XFEL beam has 10 12 photons in a 0.1% line-width focused to a 1-µm diameter. In our previous work we had studied the nominal LCLS conditions that used a 100-fsec full-width half-maximum (FWHM) Gaussian pulse 5 . In this work we examine using a shorter 1-fsec and 10-fsec FWHM pulse which produces much higher gain than the 100-fs pulse used in the LCLS experiments 3, 5 . line at 310 eV has a peak gain of about 30 cm -1 . Figure 2 shows the energy level diagram using a 1 keV XFEL, whose energy is above the L-shell edge of neutral Cu I, to create a L-shell hole in singly ionized Cu II and create lasing on the strong 3d-2p lines at 928 and 948 eV. The gain at 928 eV is predicted to be about twice the gain at 948 eV so Fig. 2 shows the gain versus time for the copper 3d-2p X-ray laser line at 928 eV driven by a 1000 eV XFEL with 10 12 photons in a 10-fsec pulse focused to 1-µm diameter spot. The gain peaks at 136 cm -1 and falls slowly as the XFEL intensity is reduced. To reduce the XFEL drive intensity even more it might be possible to use photo-excitation of the 2p-4d transition in Cu I to create lasing on the 3d-2p line in Cu I. This would be analogous to the photo-excitation of the 1s-3p line in neon that was discussed in Ref. Fig. 1 . Energy level diagram (left) for the photo-ionization driven inner-shell argon X-ray laser. Gain versus time (right) for the 3s-2p line at 219 eV in the argon X-ray laser driven by the photo-ionization mechanism using a 1-fs duration 330 eV XFEL drive pulse. The XFEL intensity is varied by using a multiplier between 1.0 (nominal) and 0.001. The peak of the XFEL pulse is defined as time = 0. To extend the inner shell photo-ionization scheme into the M-shell we look at using a 1 keV XFEL to photo-ionize the 3d electron in Nd I with the resulting lasing on the 4f -3d transition near 860 eV in Nd II as shown in Fig. 3 . This same idea could apply to any of the elements with significant population in the 4f level. 
CONCLUSIONS
In this paper we look at how the inner-shell X-ray laser can be extended to lasing on L-shell transitions in Ar and Cu. For Ar we consider a 330 eV XFEL pulse that photo-ionizes the 2p or 2s electrons in Ar I and creates lasing on the 3s -2p or 3p -2s transitions in Ar II near 220 and 310 eV. In the case of Cu we consider a 1 keV XFEL pulse that photo-ionizes the 2p electron in Cu I and creates lasing on the strong 3d -2p transitions in Cu II near 930 and 950 eV. We then explore how to extend this to the M-shell by also looking at using a 1 keV XFEL to photo-ionize the 3d electron in Nd I with the resulting lasing on the 4f -3d transition near 860 eV in Nd II.
